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FATIGUE RESISTANCE OF DDRALUMIU- * 



Where, In the following report, mention is made of fatigue > 
it always refers to. the weakening of the material produced by rap- 
idly changing stresses below the limit of elasticity. 

The study of this phenomenon is of very great importance for 
the soienoe of aviation, since the vibrations to whloh an air- 
plane is subjected during flight may considerably abort en the life 
of itB various part a. 

It is known that the data obtained from the moat common teste 
(tensile, shook, bending, compression and the Brlnnell or Shore 
test) furnish no basis for the establishment of dimensions giving 
absolute guaranty against fatigue. Even with the introduction of 
the customary factors of safety, the admissible stress is often 
exceeded. ** 

With the machines built fox these tests by the "Gebr. Amsler" 
(Amsler Brothers) at Sohaffhausen and the "Aktiebolaget Alpha" 
at Stockholm, the alternating stress was obtained by a test bar 
which was firmly held at one end and subjected to rotation. To a 
pulley A (Fig. 1) , running on ball bearings and driven by a mo- 
tor M, there is firmly attached a threaded holder B, into 

* From "Verslagen en verhandelingen van den Rtiks-Studiedienst 
voor de Luohtvaart" (Amsterdam), 1931, Part I, Report U 17 A, pp. 
163-173. 

** The technical importance of such tests is evident from the fact 
that, according to the Journal of the Institute of Metals (1930), 
in America, a systematic investigation of these fatigue phenomena 
has been begun by the Hational Research Council, in cooperation 
with the University of Illinois, for whloh $51,000 per year for 
two years was made available. 
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whioh the test rod is sorewed. The latter oaxries on Its left 
outer end a self-adjusting ball-bearing, with a band D, a sprintr 
E and a weight F (see also Fig. ~3)'.' The test rod was given a 
speed of 1100 r.p.m. by the motor If. 

The machine of the Alpha Company has room for two test , rods, 
whioh oan both be tested at the same time, the instant of break- 
ing of each being indicated by a special device. This machine 
has a speed of 3800 r.p.m. The outer part of the test rod, be- 
tween the point F and the beginning of the fillet at A . (Fig. 
3) is subjected to a rapidly alternating tension and compression, 
from whioh may be easily calculated the value of p = M : 1, 
whioh had a sinusoidal curve. The tension is always kept below 
the elastic limit and hence no changes in shape occur, such as 
take place when the limit is exceeded. The number of revolutions 
before the occurrence of a break constitutes a measure of the re- 
sistance of the substance tested to the given alternating stress. 

The prime requisite for a successful test is the smooth run- 
ning of the machine. Secondary vibrations may make the actual 
stress much greater than the calculated, thereby rendering the re- 
sult worthless. Although an absolutely smooth running of the ma- 
chine is unattainable, the vibrations may beoome so small that 
their influenoe oan probably be disregarded. For this purpose, 
various modifications of the original Amsler machine appear neoes 
sary. 

As regards the breaking of a rod subjected to very great 
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stresses, It may be noted that, above a certain revolution speed, 
the ooheslon of the substance is disturbed. Hear the surface, 
which In this case Is most heavily stressed, there ooour, In or 
between the crystals, microscopic cracks which, under continued 
stress, inorease in number and finally combine. 

At the bottom of the crack, the local stress Increases and 
the crack goeB deeper. As soon as the stress becomes too great 
in the remaining part, the rod breaks. In the Amsler ma c hin e, 
the weight F falls several centimeters and releases the pawl P, 
thereby breaking the circuit and stopping the motor. 

The holder B, operates the tachometer T, so that the lat- 
ter is also stopped automatically. 

The first part of the break can always be distinguished by 
the smooth, sometimes silk-like, surface. The part of the rod to 
give way last breaks quicker and shows a coarser structure. 

Fig, 4 shows the breaks of two test rods and also another rod 
which was partially broken, but was still strong enough to oarry 
the load. In both breaks there is a clearly defined line between 

« 

the smoother and rougher portions. That suoh breaks actually oo- 
our in praotioe is shown by?Figs. 5-7. 

Fig. 5 shows a break in a connecting rod bolt, which was ev- 
idently caused by fatigue. 

Fig, 6 shows a break in a ooupling bolt from the engine lab- 
oratory of the R.S.L. (Rijks-Studiedlenst voor de Luchtvaart). 
This coupling was simply subjected to vibrations. Here also the 
fatigue oraok is very evident. 
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Fig. 7 shows a "bolt for attaching a stay wire to the body oi 
of a Spijker airplane. This bolt broke after 100 hours of flight. 

Aside from, the magnitude of the stress, two other factors 

play an important role in fatigue phenomena: namely, the .shape 
and the finish of the 1 structural parts. 

As regards the shape , it can be shown that abrupt transitions 
noticeably diminish the resistance of the smaller part to fatigue. 
Eor Illustration > the transition from the body to the head of the 
bolt shown in Fig. 8 is muoh too sudden. The bolt in Fig. 7 also 
shows a similar sudden contraction, which doubtless accounts for 
its breaking after so few hours of flight. Hence the radius of 
the fillet in Fig. 2 should not be made too small. The Influence 
of the length of r oan be determined by repeating the experiment 
with the same load on the stressed part, but with different fil- 
lets. It was thus found that, above a certain value of r, the 
fillet has no further influence. In the experiments here describ- 
ed, r always had exactly the same value. 

The finish of parts subject to fatigue must be smooth and fre* 
from scratches. A sharp scratch greatly facilitates the formation 
of a small crack, thereby increasing the danger of a break. 

This point is illustrated by Fig. 9, whioh shows a test rod 
with a small groove, soaroely more than a scratch, outside the 
critical section. Although the stress was exerted on the bearing 
section (giving a shorter arm for the bending moment), the rod 
broke there from fatigue, after a too small number of revolutions 
for the given load. As evidence that this is regarded In foreign 
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countries aa very Important in airplane building, It Is express.!}- 
stated In the "British Standard Alroraf t Material Specifications" 
that all transverse grooves on the Inside of hollow parts must he 

— - -L- x mmt .... 

carefully removed. 

Fig. 3 shove the shape and dimensions of a test rod. In the 
fixBt tests, much larger rods were used, as shown In Fig. 9. The 
smsJ ler dimensions were afterwards chosen , in order to enable the 
taking of test pieces from small airplane parts. Besides, it does 
not take so long to test small rods. In eorewing the test rod in- 
to the holder, care mist always be taken to do it with a sharp in- 
strument and small "chisel-pressure, B so as to avoid injury to the 
material as much as possible. 

The fillet at A is turned with a gauge held- exactly in the 
direction of the radius r. After turning, all scratches are care- 
fully removed. Where the outoome of the test, is affected by the 
shape and size of the fillet, the resulting data apply only to ro&r 
with the given fillet. In continuing the investigation, it will b 
endeavored to determine how the results are affected by changing 
the radius of the fillet. 

The following points are of practical importance in a method- 
ical investigation. 

1^ Relation, for different metals, between the value of the 
intermittent stress' and the length of life of the part or test rod 
In this connection, data may be gathered with reference to the ad- 
missible load. 

2« Halation between fatigue resistance and the treatment un- 
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dergone by the metal (-whether oo Id.- worked, annealed, uardened, c 
refined) . 

3. Relation between fatigue resistance and the various phya- 
ioal and chemical properties of the substance. 

4. Determination of whether a substanoe is more or less fa- 
tigued and whether there is any incipient break. 

5. Discovery of remedies for incipient and confirmed fatigue 

6. Studying the effect of periods of rest on the state of 
fatigue. 

?. Studying fatigue phenomena in different kinds of Joints. 

8. Influence of form and finish of different parts on fatigue 
resistance. 

All these points must be studied under alternating tension 
and compression, torsion and combinations of two or more kinds of 
strsss, while the changing of the stress, both from maxj mum to 
minimum and from zero to maximum, must also reoeive attention. 

Although nothing but metal tests have thus far been mention- 
ed, the above program may also be applied to wood, f abrio, glue, 
varnish, etc 

From the scientific point of view, it is also of interest to 
study: 

9. Eff eot of alternating tension and compression on inner 
structure of material." 1 

10. Connection between fatigue and elasticity phenomena. 
A number of scientists have experimented in this field. Aft'- 
the fundamental tests of Wohler: "Tersuohe zum Uessen der Biegung 



und Verdi ehung von K i c enbaim wagen-A oh sen wahrend dex Jaiixt (Exper- 
iments in Measuring the Bending and Twisting of Railway Gar Axles 
while Running), Zeitsohrift fur Bauweseh, 1858, p. 643 ^ and "fiber 
die Festigkeitsversuohe mit Eisen und Stabl" (Strength Tests with 
Iron and Steel) , 2. f . Bauwesen, 1870, and of Spangenberg: "ttber 
das Verhalten dex Metolle Dei wiederholten Anstxengungen n (Effect 
of Repeated Stresses on Metals) , 3875, Bauschinger, Martens and 
other soientists have continued these experiments. Moxe recently 
very valuable experiments have been tried by Englishmen and, at 
the same time, the formation of cracks has been studied with the 

aid of the microscope. For the literature up to 1912, reference 
can be made to Boeke: "Over breuk na herhaalde b Blasting" (Con- 
cerning; Breaks after Repeated Stressing), Brusse, Rotterdam, 1914. 

A list of documents published sinoe then is given in Appendix 
3 of this article. 

The object of the experiments now being carried on by the 
Ri jk s- Studied! en st is to obtain data: 

a) Concerning the fatigue curves, of a few duralumin samples, 
in consequence of the constantly increasing use of this metal in 
airplanes. 

b) Concerning the effect of various thermal processes on the 
fatigue resistance flf a suitable kind of oast iron. 

The two different kinds of duralumin tested ( z and 681 B) 
were made for the Rijks-Studledienst by the Durener Metallwerke. 

By duralumin (an alloy disoovered by Alfred Wilm in the "Cen- 
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tralstelle fur wissensohaftUohteohnisohe Untaxsuohuiigeir' 7 (Oentr:* 
Institute for Scientific and Teohnioal Investigations) at Heubab- 
eleberg (1903-1311) and of which the D&rener Metallwerke at Dfiren 
is the patentee and original manufacturer) Ib understood a sub- 
stance containing: 

Copper, 3. 5 to 5. 5 % 

Manganese, 0.5 ■ 0.8 £ 

Magnesium, 0. 5 # and. 
Aluminum, the remainder, 

exoepting for small quantities of iron, silioon and lead, always 

present as Impurities. 

The most Important properties of duralumin are as follows: 

Speoifio gravity, 3.78 to 3.83, according 
to composition, 

Melting point, about 665°0. 

Tensile strength of oast metal, 18-30 kg. per 
sQl. mm. with an elongation of 7 to 10% f 

Tensile strength of oast metal, whioh has after 
wards been refined, 38-30 kg. per sc.. mm. , 
with an elongation of 15 to 30 tenBile 
strength of wrought and afterwards refined 
metal, 35-50 kg. per eft. mm., with an elonga- 
tion of 13 to 33 %.* These figures simply . 
indioate the approximate limits. 

The metal employed in our experiments was furnished by the 

Dflrener Metallwerke in the form of cylindrical rods of 30 mm. diam- 

eter. It was questioned whether it would not be better to experi- 
* Alfred Wilm, "PhysikaliBch-teohnische TTntersuchen uber Magnesium- 
halt ige Aluminium Legierungen, 11 Metallurgie, 1911, p. 335. 
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went with thin flat bare, since they are ohiefly used in praotioe 
but it was decided, to "begin with round specimens, fox obt aining 
general data, and then to paee over to other shapes. 

in order to eliminate any possible irregularity of structure 
in the center of the rod and at the same time to obtain test rods 
of like dimensions and of the same metal as the fatigue rods, the 
rods are sawn lengthwise into four similar segments and from these 
similar segments the test rods are carefully turned. The diameter 

of each test rod Is 5 mm. and its length 35 tan. , or five diameters. 

* 

The following results were obtained. 



Alloy 
hardness 1. 



: StrengthtElastlolty limit 
: kg/mm 8 : kg/mm 8 



z 


: 45.8 : 


34.4 


: 14.6 


33. 0 




: 45.8 : 


35.4 


: 13.3 


: 33.0 




: 43. 4 : 


33.7 


: 14.0 


38.5 




: 43. 5 : 


34.6 


: 13. 0 - 


: 31.4 


681 B 


: 50.0 : 


43.5 


: 15.0 


: 33.0 




: 48. 4 : 


43.7 


: 14.3 


39.4 




: 49.6 : 


44.0 


: 13.5 


: 37.5 




: 49.3 : 


41.8 


: 15.1 


35.0 




: 49. 6 : 


43.7 


: 17.4 


: 33.9 



Elongation Contraction 
for 

5 diameters ' $ 



By chemical analysis the composition of the two alloys was 
found to be as follows. 
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Alloy 


Z 


» 681 B 


Copper : 


4.50 


: 3.80 


Manganese 


0.95 


: 0.54 


Iron : 


0.47 


: 0.46 


Magnesium 


0.51 


: 0.45 


Silicon : 


0.20 


: 0.42 


Aluminum : 


rest 


: rest 



By micro so op I oal investigation it was found that both alloys 
consisted of crystalline nasses of 0u and Al containing Cu Al a 
in varying proportions. -The direotion of the grain is plainly in- 
dicated by the lay of the copper-containing particles, while the 
crystals themselves are seen, in the longitudinal seat Ion, to be 
elongated in the direotion of the grain (Figs 10, 11, 13). 

The preparation and etohing of these alloys is not easy and 
a thorough investigation has been begun, as to the best treatment 
before the microsoopio examination. 

In order to make the crystals visible, the preparations are 
etched in a mixture of; 

Alcohol (96%) , 85% by volume 

Bitrobenzol, 10% n 11 

Hydrofluoric acid (50%)., ' 5% " 11 
while, for making the Cu AL, visible, a 20% solution of nitric 
aold (25%) in water at 70°C is used. The results of the fatigue 
tests are shown graphically in Fig. 13. 
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In this connection, it may "be remarked that the logarlthmio 
division of the scale. of ths r . abscissas employed by some authors 
in America is not applloable since, in our opinion, there are yet 
no satisfactory reasons for expecting to obtain thereby any better 
understanding of the results. It is evident, from a comparison 
of the values given in Appendix I with Fig. 13, that the points 
found for the Z q f T«i B alloys can be represented by the same 
line. 

Most of the rods broke with the normal characteristic fatigur 
break at the point of greatest stress, tn a few instances the 
break was irregular, while in others the break was normal, but 
further from the point of application of the weight, than waB 
consistent with the shape of the test rod. Ihere, in the latter 
case, the rod broke in a thicker part of the fillet, it may be 
assumed that there was some abnormality or other in the metal. 
In order to have only reliable data for the. calculations, the re- 
sults obtained from rods whioh broke more than 0. 3 mm. from the 
beginning of the fillet were not used in the graphic representa- 
tions. 

It is oomprehensible that, as soon as the field is approached 
where the line runs nearly horizontal in the graphic representa- 
tion, the number of revolutions can vary greatly for a given load. 
Thus the pointB 3, 25, 9, 7 and 20 lie on the same stress line. 
Under this stress, a slight variation in the metal or in the fin- 
ish of the test rod exerts a great influence on how soon the first 



oraok o gouts and th.ua on the total number of revolutions. In ac- 
curate work, a great -number of points must "be found in this re- 
gion. Thus the lower limit is not a definite line but a oertain 
boundary field, the width of whioh varieB with the aoouraoy of 
the tests and the degree of uniformity of the metal. 

Point 30 belongs still muoh farther to the right than it is 
marked, sinoe the rod was not broken in this test after thirty 
million alternations. The same is true of point 6, as the rod 
was not broken after fifteen million alternations, in oonneotion 
with the different kinds of duralumin tested, the location of the 
lowest horizontal line is notioeable, whioh, in this oase, for 
rods of the 68 IB variety, lies at 30$ of the breaking strength 
and 35$ of the limit of elasticity, while the corresponding num- 
bers for the Z variety are respectively 33$ and M$>. 

For oast iron rods similarly tested in the crude, annealed, 
hardened and refined conditions, this limit was muoh higher (80$ 
of the corresponding limit of elasticity). The series of tests 
with cast iron could not be finished in time for this report. 

It is intended to continue the tests with duralumin and other 
light alloys in another form (flat) and also to investigate the 
effect of various thermal prooesses on fatigue resistance. 
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Appendix 1. 



Load : Test: Revelations: 



: Distance of 



:Rod 
k g/nar.gj. No. 



"before : Alloy: break from nor- 
br&ak ing. : :me,l. point In mm 



37.8 
39.8. 

:37.>E 
24.8 



1 : '3,670 : Z 

2 : 13,730 : Z 

19 : 21,700 : Z 

39 : 49,800 : B 

15 : 153,700 : Z 

17 : 587,400 : Z 

18 : 152,500 : Z 

38 : 59,700 .: B 

4 : 177,130 : Z 
37 : 259,330 : B 

22 : 122,300 : Z 
34 : 419,850 : B 

24 : 178,660 : B 

13 : 297,600 : Z 
12 : 222,610 : Z 
11 : 232,490 : Z 

40 : 618,180 : B 

32 : 2,904,000 : B 

23 : 707,100 : Z 
31 : 762,240 : B 

33 : 336,200 : B 
36 : 570,900 : B 
29 : 3,036,000 : B 
10 : 1,433,250 : Z 
"3 : 825,860 : Z 

7 : 7,456,090 : Z 

9 : 1,638,140 : Z 

20 : 27,500,000 : Z 

25 : 1,003,680 : B 
28 : 1,403,540 : B 

26 : 976,260 : B 

27 : 8,568,000 : B 

14 : 957,330 : Z 
6 : 15,000,000 : Z 

16 :11,000,000 : Z 

5 '.10,000,000 : Z 



0.1 
0.1 



0.5 
0.5 

0.5 

0.4 



0.6 

0.4 
0.2 



0.6 
0.8 



0.2 
0.3 



0.6 
0.2 
0.1 
0.5 



0.1 



Remarks. 



Not used in graphic. 

n 

Rough break, not 
used in graphic. 



: Abnormal break. 

n 

'.Break rough. 
: Break rough. 

: n n 

: ti ii 

: Indistinct break, 
: not used in graphi 



: Normal break. 
Abnormal break. 



ii 

n 
II 



Normal break 
Nearly normal break. 



it 
it 

n 
n 
n 
n 



n 
ii 
n 
n 
ii 
ii 
n 



n 
n 
ti 
n 
.ii 
it 
n 



Abnormal break, 
n ii 

Normal break, 
n . ii 

R If 

Complete break. 
Not broken. 



n 
n 



n 
n 



Translated by National Advisory Committee for Aeronautics 
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3C mm. 


c - 


5 mm. 


d - 


4 mm. 


e - 


3. 75 mm. 
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.35 in. 



Small test rods used fox tests 
described in report. 



Had. 



Fig. 9. 
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Fatigue test rod which had a transverse 
scratch outside the critical cross-section and 
broke at that point- (Break is indicated in the/figure.) 



cr 
o 




108 mm. 


h 




35 uri. . 






20 . mm. 


k 




18 uiffiffl. 


m 




13 mm. 


n 




12 mm. 


0 




3.5 mm. 


P 




17.5 mm. 


q 




3.0 rrm.Rad 


r 




10.0 mm.Rad 



34 



-r — 



Amsler mabhT^e 
Alpha machine'. 
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Fig. 13. 

Fatigue diagram cf duralumin alloys Zand 6S1E. Although t he 
limits of these alloys seem to be respectively +34 & +43 kg/mm' 

Figs. 3, 9, and 13. 





/ Fig. 1. 
Fatigue Tasting Machine made by Amsler Broe, 
Scaaffhausen, (1100 r.p.m.).A few modifica- 
tions were aade by the E.S.L. 




1 



Fig. 2 

Fatigue Testing Machine aade by Alpha 
Co., Stockholm (2800 r.p.m.) 



Fig. 4 - Broken rods, tested on VI,-.. 5 - Fatigue break of a 1 \" 

AxLaler Machine connecting red bolt from a gas- 

oline online. The dark upper 
left hand part shows how far the 
fatigue crack went before the 
bolt broke. 




Fig. S - Cpyker bolt like Fig. 7 
(aagnif ied) sawed through in "order to 

shew abrupt tran sit im ' from tody to 

head better. 



Fig. 7 - Stay wire fastening bolt \" (froa a 
Spyker airplane) which broke from fatigue affsr 

100 hours' of flight. Fati<?ie crack indicated 

by dark portion of break. 



Fig. 10 - Duralixain alloy 681 B, mag- 
nified ICO times. Etched wjrh lO? sol- 
ution of ffi£> 3 in watir at 70°C for 5 
■ec. The copper aluminate (Cu AI2) is 
darkened by "the etching. Direction of 
grain is plainly visible. 



Fig. 11 - Duralumin alloy Z, magni- 
fied 100 times. Etched as in Fig. 10. 
The structure of the copper aluminate 
is coarser here. 




Fig. 12 - Cross section of a -turalumin rod, alloy Z. 
Magnifi d .'300 times. The crystalline n-asses of alum- 
inum ttro rendurad visible by etching for about 60 sec. 
in 852 alcohol plus 5;? hydrof luoric acid (HF) plus 10$ 
nitro-benaol. 



